In the Atlas of Neutron Resonances, special care was expended to ensure that the resonance parameter information reproduces the various measured thermal cross sections, as well as the infinite dilute resonance integrals for Z = 1-100. In contrast, the uncertainties of the recommended quantities do not match those generated from the uncertainties of the resonance parameters. To address this problem, the present study was initiated to achieve consistency for 15 actinides and 21 structural and coolant moderator materials. This is realized by assigning uncertainties to the parameters of the negative-energy resonances and changing, if necessary, significantly the uncertainties of the low-lying positive-energy resonances. The influence of correlations between parameters on the derived uncertainties is examined and discussed.
I. INTRODUCTION
The National Nuclear Data Center produced a set of preliminary neutron covariance estimates for the international project, Nuclear Data Needs for Reactor Systems. The project is sponsored by the OECD Nuclear Energy Agency (NEA), Paris, under the Subgroup 26 of the International Working Party on Evaluation Cooperation (WPEC), chaired by M. Salvatores, ANL and CEA Cadarache. These preliminary covariances are described in the recent BNL report [1] . The project is interested in 53 materials (isotopes) which include 19 actinides and 34 structural, coolant and moderator materials. Out of them, the NNDC produced covariance estimates for 36 materials.
In the low-energy region, the NNDC used the method developed by BNL and LANL [2] that combines the recent information in the Atlas of Neutron Resonances [3] and the Bayesian code Kalman by Kawano and Shibata [4] . The idea of this approach is to use uncertainties of various parameters given in Ref. [3] and propagate them to cross section covariances. This can be done in two ways. First, one starts with cross sections and produces covariances straight in ENDF-6 file MF33 [1] . Second, as proposed in Ref. [5] , one works purely with resonance parameters, produces covariances in MF32 and leaves up to processing codes the generation of cross section covariances.
As emphasized in [3] , the absolute values of various recommended quantities, such as thermal capture, fission and scattering cross sections, as well as capture and fission resonance integrals, exhibit internal consistency with values calculated from the resonance parameters. However, no attempt was made to achieve consistencies between the various uncertainties of these quantities. Such inconsistencies would then propagate into the resulting cross section covariances rendering them less reliable.
In this study, consistencies between uncertainties of thermal cross sections and resonance parameters for capture and fission, but not scattering, cross sections were achieved for the following 36 nuclei:
19 F, [6] . The ratio of the p-wave and s-wave radiative widths, displayed as a function of mass number, is designated by a solid green line. The p-wave strength function S 1 , multiplied by 0.4 × 10 4 , is shown by a broken red line.
II. METHODOLOGY
In this section, a brief account of the methodology and procedure considered in the analysis of covariances is presented.
• The starting point of the uncertainty analysis is an examination of the electronic file of the resonance parameters [3] in question to search for missing information.
• Where entries of the individual resonance parameters, such as radiative or scattering widths, are absent due to lack of measurements, then data based on the systematics described in [3] or other sources are supplied or estimated.
• In addition to the average resonance parameters and the systematics reported in [3] , a recent detailed study [6] revealed for the first time a novel relationship between the average p-and s-wave radiative widths, as illustrated in Fig. 1 . The observed structures for the ratio of the p-wave to s-wave radiative widths, Γ γp /Γ γs , at mass numbers 90 and 114 are associated with the splitting of the 3p single-particle state into its 3p 1/2 and 3p 3/2 components due to the nuclear spin-orbit interaction. Since these peaks are correlated with the p-wave strength function (Fig. 1) , the p-wave radiative widths in the mass region 80-120 exhibit non-statistical effects in the neutron radiative capture mechanism. The background term for the ratio is interpreted in terms of the contribution of the giant dipole resonance to the capture process [6] . This significant information can be utilized in determining either the s-or p-wave radiative widths, when one is known with better accuracy than the other. Furthermore, for certain nuclei where information is lacking, scattering widths can be estimated from the reported measured capture kernels.
• The Atlas file is then converted into an ENDF-6 format with the aid of the computer program PTANAL [7] . In this procedure, average s-and p-wave radiative widths are supplied when such data is missing, and spin assignments of resonances of undetermined values are randomly made with the condition that the (2J+1) law for level density is followed.
• The utility code RECENT and a PSY-325 program are applied to determine the various contributions to the thermal cross sections and resonance integrals from individual resonances.
• The reported uncertainties of the thermal cross sections are attributed to the uncertainties of the bound levels and/or few low-energy resonances.
• Adjustments of the resonance parameter uncertainties are carried out iteratively until the calculated uncertainties of the thermal capture or fission cross sections converge to the measured ones.
The total uncertainty of the capture (fission) cross section in terms of the uncertainties of the individual resonance parameters, E 0 , Γ n , Γ γ , and Γ f , is expressed by Eq. (1) and Eq. (2), when correlations do not exist between the parameters; otherwise, additional terms, such as Eq. (3) and Eq.(4), have to be considered.
Since a large number of resonance uncertainties contribute to the scattering uncertainty, only the capture and fission uncertainties were treated in this study; for an explanation, refer to Eq.(1.9) and Eq.(1.14) in [3] .
At the start, the correlations between the parameters were not considered; their effects are studied later on for some nuclei. Also in this study, the Breit-Wigner relations for capture and fission are utilized for the determination of the partial derivatives in Eqs. (1) (2) (3) (4) .
The calculated uncertainties for the thermal capture and fission cross sections due to all the individual s-wave resonances, reported in [3] , are determined by these relations and then combined in quadratures to obtain the total uncertainty.
When correlations do exist between the various resonance parameters, such as between Γ γ and Γ n or Γ f and Γ γ , then the following additional terms, Eqs. (3)- (4) have to be added to Eqs. (1-2)
where ρ(Γ γ , Γ n ) and ρ(Γ f , Γ γ ) are the correlation coefficients between Γ γ and Γ n or between Γ f and Γ γ , respectively.
The origin of these types of correlations is discussed briefly in the following section.
III. SOME SOURCES OF CORRELATIONS
In this section, a brief discussion of the sources of correlations between the various parameters, emanating from the analysis of the measurements, is presented.
• In capture measurements when the experimental resolution function is larger than the natural width of a resonance, area analysis yields a capture kernel, defined by A γ = gΓ n Γ γ /Γ, where g is the statistical spin factor. If A γ < gΓ γ , then a scattering width can be evaluated from this relation by assuming an average capture width, derived from the systematics [3, 6] , and a IV RESULTS spin value for the considered resonance. In this case, ρ(Γ n , Γ γ ) is negative.
• In combined capture and fission measurements, capture and fission kernels are determined, in which case Γ f /Γ γ is found. The fission widths are subsequently derived on the basis of an assumed average capture width, as, for example, in the case of the isotopic curium measurements of [8] . In this case ρ(Γ f , Γ γ ) is positive.
• Neutron sensitivity corrections, applied to capture measurements, are generally made with the help of the relation [9] , has to be performed to determine as to whether the correlation exists. If affirmed, a determination has to be made as to whether it is due to neutron sensitivity or valence capture [9] .
• In determining the parameters of bound levels, for nuclei where the positive-energy resonances also contribute significantly to the thermal capture cross section, then a negative correlation exists between the parameters of the positive-energy and bound resonances. Relations similar to those of Eqs. (3-4) can be employed to take into account their effects on the uncertainties.
IV. RESULTS
Our experience in the adjustment procedure is presented and the outstanding issues resulting from the present analysis are discussed for the following nuclei:
55 Mn, 56 Fe, and 167 Er.
A.
55 Mn
Adopted as a standard in neutron activation analysis, the thermal capture cross section of 55 Mn, σ 0 γ = 13.36 ± 0.05 b (0.37%), is measured with high accuracy. As noted in a footnote in the Atlas [3] , the adoption of the capture widths measured at ORNL [10] , which were the only available data at the time, leads to a calculated resonance capture integral of 11.7 b. This value is discrepant with a measured value of 13.4±0.5 b [3] . To resolve this discrepancy, adjustments in the capture widths of [10] were made; the results are shown in column 5 of Table I. In addition, two bound s-wave levels with spins 2 and 3 are invoked in order to account for the coherent and incoherent scattering amplitudes of 55 Mn. The contributions to the thermal capture cross section due to the bound levels, as well as the 3 positive-energy resonances, are presented in the last column of Table I . With these parameters and those in [3] 3 keV, the calculated capture cross section in the energy region from 0.01 eV to 20 keV is displayed in Fig. 2 and is compared with the measurements of [11] below 300 eV. 55 Mn resonances and their contribution to the thermal capture cross section. In the present notation, a = data from the Atlas [3] , and b = quantities evaluated in the present study. The energy uncertainty of the 337.3 eV resonance is altered from 1.0 eV [3] to 0.7 eV. To account for a 0.37% uncertainty in the thermal capture cross section, the uncertainties of the resonance parameters have to be drastically reduced. It is significant to note that consistency between the two uncertainties can be achieved by changing the energy uncertainty of the resonance at 337.1 eV from 1.0 eV to 0.7 eV.
This procedure presents an outstanding issue. To overcome this problem, one can invoke an anti-correlation between the parameters of the positive-energy and bound levels, which can alleviate this problem. Such a procedure entailed imposing large uncertainties on the parameters of the bound parameters while retaining, with minor adjustments, the uncertainties of the positive energy resonances as reported in [3] . The latter procedure is justifiable on physical grounds. For details, refer to [12] .
V CORRELATION EFFECTS ON CALCULATED UNCERTAINTIES
In this simple case, the thermal capture cross section section of 56 Fe, σ 0 γ = 2.59±0.14 b, is dominated by a bound level, specified at an energy of -6.52 keV. The positive-energy resonance contributions due to all resonances up to an energy of 850 keV is only 0.09 b [3] . The pointwise capture cross section in the energy region 0.007 eV to 1.41 keV was measured by [13] . The computed and measured cross sections are depicted in Fig. 3 . Note that the resonance at 1.147 keV has a p-wave assignment, and hence does not have a contribution to the thermal capture cross section of 56 Fe. The 5.4% uncertainty of the thermal capture cross section can be propagated by assigning a 3.82% uncertainty to both the scattering and capture widths of the bound level only. The positive-energy resonances then maintain their original uncertainties [3] . In this case, it is not necessary to invoke an anti-correlation between the bound and positive energy resonances.
At this point, we point out the similarity of the capture cross sections of 52 Cr and 56 Fe in that both are dominated by bound levels; refer to the discussion in section V. 167 Er resonances and their contribution to the thermal capture cross section. The two quantities in parentheses in columns 2 and 3 are the % uncertainties in the Atlas and the present study, respectively. The effects of the correlation between the capture and scat- Table III . The case for ρ(Γ γ , Γ n ) = 0 corresponds to the results of the main study with no correlations, where the calculated uncertainties reproduce those of the recommendations [3] . In columns 4 and 5 of Table III are the results for ρ(Γ γ , Γ n )= -1 or +1. As shown, the correlations produce negligible effects for 52 Cr, 55 Mn. This is a result of the fact that the final adjusted uncertainties for the capture widths are set to zero; refer to Eq.(3). On the other hand, a non-negligible change occurs in the uncertainties of 237 Np.
VI. CONCLUSIONS
Internal consistency between the uncertainties of thermal capture and fission cross sections and the uncertainties of resonance parameters is achieved for 15 actinides and 21 coolant and structural materials. This was realized by re-assigning uncertainties to the parameters of bound levels and low-energy resonances. If the major contribution to the thermal capture cross section is due to the positive-energy resonances, then their uncertainties are significantly changed from values reported in [3] ; this pauses certain challenge as to what extent these changes are physically justifiable. Such a situation can be resolved by invoking an anti-correlation between the bound and positive energy resonances, as determined for 55 Mn [12] .
In other cases, where the thermal capture cross section is dominated by bound levels, as in 52 Cr and 56 Fe, the uncertainties of the positive-energy resonances are unaffected from those reported in [3] . The correlations between parameters of the same resonance are studied and their effect on the adjusted uncertainties is determined for some cases
